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Persistent daily congestion has been increasing in recent years, particularly along 
major corridors during selected periods in the mornings and evenings. On certain segments, 
these roadways are often at or near capacity. However, a conventional Predefined control 
strategy did not fit the demands that changed over time, making it necessary to implement 
the various dynamical lane management strategies discussed in this thesis. Those strategies 
include hard shoulder running, reversible HOV lanes, dynamic tolls and variable speed 
limit. 
 
A mesoscopic agent-based DTA model is used to simulate different strategies and 
scenarios. From the analyses, all strategies aim to mitigate congestion in terms of the 
average speed and average density. The largest improvement can be found in hard shoulder 
running and reversible HOV lanes while the other two provide more stable traffic. In terms 
of average speed and travel time, hard shoulder running is the most congested strategy for 
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Chapter 1: Introduction 
1.1 Background 
As the economy continues to develop and private car ownership grows, persistent daily 
congestion has been exponentially increasing during recent years, especially along major 
corridors. The volume can be at, near or even beyond capacity during extended periods, or 
in some cases, the entire day (1).  
Statistical results reveal that the registered number of vehicles in the United States of 
America has grown from less than 200 million in 1990 to a current level of more than 250 
million, which translates to an increase of nearly 25 percent1. However, the development 
of a network’s capacity does not directly correspond with the rising number of vehicles. 
Recent studies show that residents living in Washington, D.C. lose an average of 82 hours 
per year because of rush-hour slowdowns, which is the most in United States, followed by 
those living in Los Angeles, San Francisco and New York. In 2014, the annual hours lost 
per commuter in D.C area, which includes Washington D.C., Virginia and Maryland, is 82 
hours. And the total annual hours of delay reaches 204.4 million, resulting to $1,834 annual 
cost per commuter and total $ 4.6 billion congestion cost.2 Analysts from the Texas A&M 
Transportation Institute and INRIX Inc. report that compared to the situation in 2007, the 
number of drivers stuck in traffic during the pre-recession peak has increased by 
approximately 5 percent (2). After analyzing current levels of congestion in several 
countries including the United States, from the first season of 2011 to the fourth season of 
                                                 
1 Source: US Department of Transportation; Federal Highway Administration 
2 Source: 2015 Urban Mobility Scorecard; by the Texas A&M Transportation Institute, and Inrix. 
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2014, despite slightly declining in some seasons, the annual percentage change in advanced 
economies’ wasted hours increased significantly during this period, which is illustrated in 
Figure 1.1 (3). The US has the highest number of passenger vehicles per capita at 787 
vehicles per thousand persons, and the absolute number of vehicles is predicted to continue 
to grow over the next twenty years as a result of the expanding population. Passenger 
vehicles on US roads are expected to grow by 13 percent between 2013 and 2030, for an 
estimated total of 281 million vehicles on the road by the year 2030 (3). Table 1.1 
summarizes the predicted vehicle numbers by 2030 for US and selected European countries. 
Figure 1.1: Advanced economies: annual percentage change in advanced economies’ wasted  
hours, 3-month rolling average (monthly data confirms this illustration)  
 
 
Table 1.1: Number of vehicles in several different countries in 2013 and 20303 
Country Pax vehicles 2013 Pax vehicles 2030 % change  
2013-2030 
US 248.8 281.2 13.0 
Germany 43.4 45.1 3.9 
France 30.8 35.1 14 
UK 28.7 31.9 11 
                                                 
3 Source: World Bank, DfT, US Census Bureau, Cebr analysis 
3 
 
Undoubtedly, congestion will lead to lost labor hours, high fuel costs and cause negative 
direct and indirect economic consequences. Research predicts a 33 percent rise in average 
direct and indirect costs of congestion per individual car commuting household on 2013 
levels by 2030, from $1736 to $2301 (3). 
The factors leading to congestion are varied, and congestion is divided into two different 
types. The first is expected congestion while the other is unexpected. Unexpected traffic is 
traditionally caused by work zones, traffic accidents, or inclement weather, all of which 
are challenging to avoid or mitigate. Typically, when congestion mitigation is discussed, it 
refers to expected or regular congestion. 
Expected congestion occurs nearly every workday during Predefined peak periods. 
Generally speaking, an area that has experienced fast economic development and working 
opportunities is more likely to experience more severe congestion issues. Other factors 
include an increase in urban populations and lower fuel prices, both of which make driving 
less expensive and result in more extensive use of city roads.  
Considering the high cost of resources necessary for building additional lanes, new 
construction is often the last option to effectively decrease congestion.  Furthermore, 
construction is time-consuming and many areas of land cannot accommodate additional 
lanes. Therefore, it is necessary to apply more advanced operations to adequately deal with 
increasing levels of congestion, which supports the application of Dynamic Lane Control. 
In the past, Dynamic Lane Control was simply divided into two distinct categories: 
Reversible Lane and Hard Shoulder Running. With the development of transportation 
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technology, Dynamic Tolls are also considered to be an important Dynamic Lane Control 
strategy.  
Hard shoulder running functions just as the name suggests and is applied on hard shoulder. 
In regular traffic situations, hard shoulder running is designed for emergency use such as 
car incidents or emergency vehicles. However, when congestion worsens, hard shoulder 
running is considered to be open to vehicles in order to increase the temporal capacity to 
mitigate congestion, which assists in alleviating safety concerns.  
Reversible lanes can be subdivided into two parts based on the properties of the corridor. 
Firstly, it can be used when the volume of two directions is completely different, especially 
during peak hours. In many cities, people work in urban areas but live in suburban areas. 
This is an outcome of home prices in the central parts of cities being too high for most 
people to realistically afford. As such, during morning peak periods, people commute from 
outside areas to the city center for work purposes. Meanwhile, during afternoon peak hours, 
they travel in the opposite direction from the city center to suburban areas. Due to 
especially high volumes during peak periods, those arteries are faced with mounting 
pressure. This technique can also be extended to HOV lanes. Research has proven that 
during peak times, HOV lanes are frequently less efficient compared to general purpose 
lanes. Thus, HOV lanes could be reversed in the less congested direction and used for the 
more highly-congested direction of traffic. Reversible lanes make it possible to increase 
the capacity of the peak direction through message boards and signs indicating if the lane 
can be used for a certain direction. For example, a lane entering an urban area could be 
used during the a.m. peak period and that same lane could be used to travel away from an 
urban area during p.m. peak times. 
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Dynamic tolls allows SOV drivers to temporarily use HOV lanes by paying tolls. In theory, 
they have a similar function to Reversible HOV Lanes, considering both of them increase 
the capacity of the congested direction when necessary. The ratio of SOV on American 
roads is much higher than HOV during peak hours, resulting in higher congestion in general 
purpose lanes. Therefore, drivers with high time cost are likely to be more willing to pay 
to use HOV Lanes rather than dealing with gridlock in the general purpose lane. 
Another congestion mitigation strategy is variable speed limit (VSL), which is first used to 
reduce safety risks when there is work zone or roadway congestion. Later research proved 
that it might also aid in reducing congestion by limiting the number of vehicles arriving in 
the congested section. Thus, when a detector tests congestion at the downstream, the speed 
limit at the upstream will be updated in the meantime to adapt to real traffic conditions.    
In summary, dynamic lane management helps improve traffic operation and through more 
effective management, it assists us in reducing congestion and increasing overall system 
efficiency. 
1.2 Objectives and Approach 
The objective of this thesis is to integrate dynamic lane control with an dynamic traffic 
assignment model, and subsequently analyzing the impact on regional traffic. Dynamic 
lane control is a useful strategy to improve the overall efficiency of the traffic network. 
Using this model, real-time traffic performance can be obtained and dynamic operation can 
be implemented based on real-time traffic performance.  
Furthermore, dynamically-controlled strategies are evaluated in this thesis and compared 
with predefined operation hours. During peak periods, congestion is not always a serious 
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concern. Conversely, during off-peak periods, it does not mean that there will be no 
possibility of congestion. For that reason, the dynamically-controlled hard shoulder, 
reversible HOV Lanes and toll rates are tested in order to observe their influence on 
congestion mitigation. For hard shoulder running and reversible HOV Lanes, it is expected 
that the traffic performance of dynamically-controlled operation will be more severe than 
predefined operation time during peak periods. However, in this thesis, the simulation will 
reveal the scope of this difference, and whether or not it is applicable in real-time for 
various traffic times and volumes.  
1.3 Research Contribution 
Although dynamic lane control is currently applied to a variety of real-world situations, 
most of them, especially hard shoulder running or reversible HOV lLanes, operate during 
predefined hours, for which efforts to improve are undertaken. The regional traffic impact 
of a dynamically-controlled hard shoulder, HOV lanes or toll rates is analyzed using an 
agent-based model. For dynamic tolls, which are applied in numerous different locations 
and corridors, the algorithm of dynamic tolls is still in development, and the result of 
dynamic tolls under a DTA model will be discussed at length in this thesis. Previous 
simulations for variable speed limit have traditionally used microscopic models, or a classic 
traffic assignment model, and here the DTA model is employed to analyze this strategy. 
The simulation also uncovered some potential problems that dynamic lane control 




1.4 Thesis Organization 
This thesis is organized in several sections. The first section contains a literature review 
regarding the introduction and development history of the three applications of dynamic lane 
control, followed by existing research. Subsequently, the thesis discusses the simulation model 
and tools. The area of study and various scenarios are also introduced in this chapter. The final 
portion of the main thesis is the results analysis and conclusion. Additionally, 















Chapter 2:  Literature Review 
2.1 Hard Shoulder Running and Reversible HOV Lanes 
2.1.1 Influence 
The influence of hard shoulder running (HSR) is shown in several different aspects such 
as safety, environment and network efficiency. 
The negative impacts on safety apply when broken-down vehicles are required to stop. 
Existing research indicates an increase of between 10 and 11 percent in accident frequency 
when converting four lanes to five lanes, while a smaller increase takes place when 
converting five lanes to six lanes, which may be the result of accident migration caused by 
the relocation of traffic operational bottlenecks (4). To avoid this, HSR sections of the road 
must be controlled, and the operator’s response to such a situation has to be as swift as 
possible. Generally, areas of limited length and turbulent flow conditions are an ideal fit 
for this strategy, as it represents a viable alternative for achieving a smoother flow. 
Otherwise, it could potentially cause measurable negative impacts on overall safety 
conditions (5). 
Contrarily, hard shoulder running can provide positive effects in certain situations. The 
Dutch HSR, which has 25 kilometers of total use, has led to congestion and reductions in 
accident density (6). This might be a result of less density due to increasing capacity.  
In terms of environment, research has shown that emission levels are higher when a vehicle 
is stuck in congestion conditions than that when it is travelling at normal speeds. Thus, 
HSR can help reduce air pollution by decreasing travel time and fuel emissions (7). 
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Likewise, one of the key benefits of HSR is its high influence on the network. By opening 
the hard shoulder, it helps increase the temperate capacity, which contributes to a more 
consistent traffic flow (7).  
2.1.2 Previous Research 
Due to the positive influence of dynamic lane control on efficiency, extensive research has 
been performed in this area. 
The study conducted by M. Aron, et al. (8) primarily discusses two French hard shoulder 
running operations, one operating HSR over the course of an entire day and the other 
operating HSR only when the occupancy level is high. Traffic efficiency of the dynamic 
management is based on the fundamental diagram relationships, including Free-Flow 
speed, road capacity, local speed and congestion. Result showed that both cases reduce the 
congestion, while the first one attracted extra traffic. 
Germany has also applied temporary hard shoulder running, and Justin Geistefeldt 
explored its application in Germany. The data originates from a loop detector, and by 
comparing the data before and after the temporary hard shoulder applications, it was 
determined that the capacity could be increased without affecting overall road safety (9). 
P. Chase and E. Avineri (10) examined the strengths and limitations of HSR as viewed by 
stakeholders in the United Kingdom. They attempted to record the opinions of stakeholders 
through semi-constructed interviews, as well as record their overall attitudes regarding the 
benefits of HSR, which tended to be weaker than those of the limitations. 
Tay Richard and Choi Jaisung (11) examined the effectiveness of pictograms in dynamic 
lane control system in South Korea. Pictograms have been used increasingly in electronic 
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message display boards to provide drivers with a simple and clear message. In dynamic 
lane control systems, the variable pictograms are usually implemented to modify lane 
control. To evaluate these variable pictograms, the research team administered a test with 
40 participants and tested their comprehension of the signs. 
The National Cooperative Highway Research Program (NCHRP) sponsored a project to 
investigate and document reversible roadway practices to further understand their 
application, impact on safety, operating environment and design requirements (12).  
In the reversible lane system, it is essential to determine which and how many lanes should 
be adjusted. This is an optimization issue that J.J. Wu et al. (13) approached using an 
advanced traveler information system to treat optimization problems as a network design 
challenge by employing the strategy of reversible lanes. 
Berger and Maurer conducted a cost-benefit analysis to ascertain under what circumstances 
the opening of emergency lanes for driving were economically viable (14). Their research 
provided methods to determine specific thresholds of the AADT (average annual daily 
traffic), above which the national economy would benefit from an additional lane. 
Otherwise, an emergent bay might be sufficient. The research also suggested that the best 
cost-benefit relationship could be achieved with a hard shoulder open only under high 
traffic volumes, combined with a reduced speed limit and a variable message sign. 
When a hard shoulder is opened to additional traffic, the maximum allowed speed limit can 
also increase, which leads to decreased travel time and an increase in average travel speed. 
It might not, however, lead to a larger throughput (15). 
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To implement hard shoulder running, the study indicated that significant operational, 
environmental, and economic benefits from the potential temporary use of the left shoulder 
lane within an ATM environment. More favorable results can be expected if it is combined 
with advanced active management methods (16).  
Virginia Center for Transportation Innovation and Research conducted research on how to 
develop and test the effectiveness of active traffic management strategies for reducing 
recurring congestion on a simulated model of I-95 and I-66 in Northern Virginia. After 
testing twenty-four scenarios for both variable speed limit and hard shoulder running, the 
results verified that temporary capacity upgrades, such as the use of hard shoulder running 
(HSR), were the most effective in enhancing traffic performance on these two corridors. In 
addition, improved results could be expected if it was combined with a variable speed limit 
strategy. Considering that HSR systems are capable of reducing congestion levels to a 
certain point, they represent model conditions for VSLs to operate efficiently (17). 
The application of hard shoulder running can be modified based on local conditions. In 
Germany, during peak periods, drivers are informed 1 kilometer in advance that they will 
be permitted to use the hard shoulder, while in Holdorf, electronic message boards indicate 
whether or not the hard shoulder of a 1 kilometer section can be used for regular traffic 
(18). 
2.2 Dynamic Tolls 
2.2.1 Developing History 
Because of its practical implications, dynamic congestion pricing has become an important 
alternative for congestion mitigation and has spawned growing research attention. 
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However, at the outset, it is primarily considered to be an economic problem, and is 
frequently advocated by economists because of the economic theory used in the research. 
Since the 1920s, Pigou has encouraged a road pricing strategy as an alternative to 
congestion mitigation (19). However, the application of dynamic tolls requires advanced 
technology, which limits their adequate development. For that reason, it is also referred to 
as Electronic Road Pricing to reflect the impact of the new technology (20). 
In actuality, road pricing (or congestion pricing) has several practical applications. It 
performs differently in various countries based on specific situations. In 1975, an Area 
Licensing Scheme was implemented in Singapore, and access to the central area of the city 
was restricted for vehicles. Norway operated the first toll ring in 1986, located in Bergen, 
and two additional examples were situated in Oslo and Trondheim. From February of 2003, 
drivers of vehicles in London which sought entry to the city’s central area were required to 
pay a five pound daily fee, which was subject to later increases (20).  
In the US, a more prevalent form of congestion pricing is HOT lanes, which refer to 
HOV facilities that allow lower-occupancy vehicles to pay tolls in order to gain access 
(21). Research revealed that HOV lanes accommodate more people than general purpose 
lanes during peak hours (22). However, they are not often fully used during peak periods. 
The FHWA formerly defined that the primary purpose of time operation policies of 
HOT lanes is to provide superior free-flow traffic service on the toll lanes, while the 
second objective is to maximize the throughput rate of the freeway (23).   
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The first charging HOV lane in the US is State Route 91 in Orange County, California and 
was created in 1995 (23). Since that time, the pricing policy has become progressively 
more popular among government and transportation officials, leading to other charging 
roads being implemented, such as I-394 (24). 
2.2.2 Previous Research 
Extensive research has been undertaken on determining toll rates, of which the majority 
are time-dependent or predefined. 
In terms of dynamic tolls, their application reaches far beyond theoretical research. For 
instance, I-394 has a pre-defined “look-up” table, and the toll rate is changed based on the 
variations in occupancy in 3 minute intervals (24). The toll rate of I-15 HOT lanes in San 
Diego, California, varies from $0.50 to $4, depending on the time of day (20). This 
application of dynamic tolls during early hours is similar to time-dependent tolls. 
Tomer Toledo, Omar Mansour and Jack Haddad performed a simulation-based 
optimization for HOT lane tolls. The optimization objective of this model was to maintain 
the level of service on the toll lane. It could also be implemented to predict driver behaviors 
regarding whether or not to use the HOV lanes (25). 
However, to dynamically operate toll rates, the amount should be adjusted based on real-
time traffic situations. Previous studies indicated time-varying tolls for bottlenecks.  
A self-learning approach was developed to maximize the number of vehicles passing 
through the downstream bottleneck, using people’s willingness to pay as one of the key 
parameters (20). Another feedback control mechanism considers the traffic conditions on 
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both HOT and GP lanes to determine toll rates. Therefore, the speed on both types of lanes 
should be detected to calculate the fluctuation in tolling rates (22).  
Terry L. Friesz et al. proposed a model to dynamically adjust the congestion toll, taking 
mobile sources of emission into consideration (26). In this model, all vehicle drivers are 
assumed to selfishly choose the route with the minimum travel cost, while the central 
authority acts to minimize the total travel cost and emissions of all vehicles in the network. 
A mathematical program with complementarity constraints was formulated to model this 
problem and can be solved using a quadratic penalty-based gradient projection algorithm. 
Considering the uncertainty of the demand, certain  approach also proposed to deal with 
this kind of uncertainty based on a bi-level cellular particle swarm optimization (BCPSO) 
(27). This toll issue is constrained by the equilibrium and compared with two other 
optimization methods. As a consequence, it improved the average travel cost and the 
varying range of the total travel cost. 
Time-vary tolls are also used to optimize the truck arrival patterns through a two-phase 
optimization approach (28). The time-dependent truck queuing process was calculated 
through a point-wise stationary approximation model. After acquiring the system optimal 
truck arriving patterns, time-vary tolls were established, which resulted in this optimization 
pattern.  
2.3 Variable Speed Limit 
2.3.1 Developing History 
Variable speed limit was initially proposed to reduce the safety risks in work zones or in 
other situations that might cause congestion along the route. These scenarios include car 
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accidents and extreme weather, and its function of increasing safety has been confirmed by 
several different studies.  
Dating back to the 1990s, the Committee for Guidance on Setting and Enforcing Speed 
Limits has conducted studies and found that the risk of rear-end collisions could be reduced 
through limiting the travel speed of approaching vehicles (29). 
Studies by the highway agency in the United Kingdom revealed that with dynamic speed 
limits, driver’s behaviors are more regulated and uniformed on the headway. This led to 
fewer sharp breaks and accidents (30). As a result, a 10 percent reduction in the accident 
rate was achieved, as well as a 0.7 decibel reduction in overall traffic noise. In the meantime, 
the emission rate was reduced by 2 percent for a total of 8 percent. 
 In Orlando, Florida, using a simulation of a section, the improvement of real-time freeway 
safety was evaluated by comparing the real-time crash likelihood with or without VSL (31). 
The speed limit on the upstream was slightly lower than the downstream, and it facilitated 
improved safety at medium and high speeds. In low-speed situations or congested areas, 
the effect was not significant. 
Chris Lee et al. proposed a real-time prediction model to evaluate potential safety risks on 
a short-term variation of traffic flow characteristics (32). This microscopic model 
investigated the effect of the strategy, which yielded a 5 to 17 percent reduction in potential 
crashes. In addition to the improvements in safety, this result also demonstrated decreased 
total travel time.  
Unlike safety risk reduction, the application of variable speed limit on congestion 
mitigation remains under discussion.  
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In actuality, the potentiality of variable speed limit depends highly on the driver’s response 
to the displayed message.  
Borrough engaged in a study to prove that during congestion, the number of drivers that 
may change lanes will frequently decrease (33).  
With the assistance of his partner, Albania Nissan evaluated the impact of variable speed 
limit and the level of service on motorway capacity. The findings showed no significant 
impact on traffic conditions (30). In this research, statistical tests were used to evaluate the 
equality of coefficients across the before and after scenarios. 
Various research studies have demonstrated a broad spectrum of results. The conclusion of 
one study on highway work-zone operations indicated that variable speed limit helped to 
decrease total travel delays and increase total throughputs of the work-zone (29).  
It has also been coordinated with ramp metering on the corridor, which is one of the newly-
developed strategies for effective traffic control.  
Combined with ramp metering, variable speed limit could theoretically prevent traffic 
breakdowns and result in less spent travel time, even when ramp metering was out of use, 
as evidenced in a simulation conducted by Andreas Hegyi et al. (34). Ramp metering has 
its own on-ramp queue constraints, while speed limitations curtail the main-stream flow. 
Thus, the decision should be implemented depending on specific regional traffic demands. 
Lu et al. presented a model that combined these two methods and first designed the speed 
limit through other factors, including on-ramp demand and length (35). The result 
demonstrated a significant increase in the bottleneck’s throughput. 
17 
 
2.3.2 Algorithm Research 
Based on various areas of study, existing applications and research reveal that there are 
several different algorithms which can be applied. 
It could be narrowed down to a binary issue, and speed limit changes might occur between 
high and low speeds based on the traffic information provided by the detector. It could also 
be considered using a two-module model to reduce the variance of speed (36). Taking 
drivers’ responses into account, the proposed speed limit would be dynamically-adjusted 
at each location. Consequently, the speed would be determined in order to minimize 
potential queue length, depending on drivers’ reactions to the speed adjustment. 
Maximizing the throughput in a work zone could also be an optimal objective in certain 
algorithms, although simulation results indicated that it failed to perform better in terms of 
decreasing the variance in speed, compared to the algorithm in which the objective was to 
minimize the queue length (35). 
To decrease the speed differences between the upstream and downstream, the speed limit 
was set as the average value of the observed speed of the upstream and downstream (32). 
Accordingly, the speed of the vehicles varied more regularly and thus reduced potential 
safety risks. 
2.4 Dynamic Traffic Assignment 
2.4.1 Previous Research 
The 4-step traffic model is very well-known, and consists of traffic generation, traffic 
distribution, mode choice and traffic assignment. Classic traffic assignment does not 
consider fluctuations in travel duration when calculating the path with the shortest travel 
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time. One possible result of this stable assessment is that the traffic situation might change 
considerably by the time an agent arrives at that section, which limits the real-time 
optimization and planning applications. The major difference of dynamic traffic 
assignment compared to the traditional one is that time-dependent travel time is considered 
when estimating the shortest path.   
Previous research regarding the DTA model can be divided into different aspects. It is first 
considered to be a mathematical problem, and different formulations are used to describe 
it. Likewise, it can be considered as an optimal control formulation to reach the system 
optimum (SO) or user equilibrium (UE) objectives, and the simulation-based DTA model 
is discussed because of the limitations of mathematical methodology (37). 
The dynamic traffic assignment was first formulated in 1978 as a mathematical issue with 
discretized time-setting by Merchant and Nemhauser (38). However, it only dealt with 
deterministic demand and single destination situations. In the 1990s, Carey reformulated 
this model, making it possible to use the extend it to solve multi-destination problems, 
although there were remaining challenges from the first-in, first-out requirements (39). A 
further allowance of this model is extending the assumption and making O-D desires 
known to the entire planning horizon, which was initiated in 1993 by Birge and Ho. The 
link-based optimal control formulations were discussed for the single-destination in 1989, 
resulting in a continuous time formulation more than a discrete-time version (40). From 
that time forward, extensive research concerning the link-based system optimization model 
or user-equilibrium DTA model was completed to confront issues from the single-
destination to multi-destination problem.  
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The attention on simulation-based model originates from the limitations of the 
mathematical formulation problem because many parameters which are commonly used to 
represent traffic flow are challenging to analyze through appropriate mathematical 
formulations. Several mesoscopic traffic DTA simulation models were developed in the 
1990s to resolve system optimization and user-equilibrium issues, but the O-D demand is 
with Predefined departure time (37).  
Ghali and Smith have engaged in extensive research on the simulation-based DTA model. 
A single user class formulation was first proposed to solve the deterministic system 
optimization DTA problem. This model helps in dealing with several modeling issues 
which might limit realistic applications. However, the system optimization results could 
not be guaranteed using this model (41). As a result, they improved the methodology to 
compute marginal travel time at different levels (42).  
In 1999, a dynamic traffic assignment model was formulated by C.O. Tong and S.C. Wong 
for congested capacity-constrained road networks (43). Nevertheless, they only tested this 
model on a simple 4-corridor network, which did not provide sufficient detail, particularly 
in terms of functionality in realistic networks.   
R. Jayakrishnan et al. developed a dynamic traffic assignment model to improve the 
assumption in conventional traffic assignment methods (44). In the previous method, the 
O-D demand was assumed to uniformly distribute over time, which was not realistic, 
especially during peak periods. When traffic became more congested, the demand varied 
with time, thus the authors used the traffic-flow relationship based on a bi-level 
optimization. In other words, the traffic flow variable was replaced by the link volume on 
a specified time interval. 
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Bruce N. Janson formulated a dynamic user-equilibrium assignment problem to simulate 
urban road networks (45). It addressed the multiple origin and destination problems, and 
compared with conventional user equilibrium, dynamic user equilibrium has some inherent 
constraints to ensuring continuous paths of flow.  
When it comes to the real-time simulation, Peeta proposed a rolling horizontal approach. 
In this case, the near-term forecast was estimated using current traffic parameters, which 
was more accurate than the perfect knowledge assumption. (46) Daganzo developed a 
mesoscopic model for traffic propagation (47), which was eventually integrated with an 
internet-based GIS system by Ziliaskopoulos and Waller, who suggested using it as the 
simulator. The new model includes traffic signals and more effectively represents practical 
situations (48). 
2.4.2 Application of DTA model 
As one of the most popular research topics, the DTA model has been applied in several 
areas, particularly for Intelligent Traffic Systems. The success operation of the Advanced 
Transportation Systems requires traffic travel information for the vehicle flow pertaining 
to speed, density and other factors in order to provide accurate travel guidance for all 
vehicles. 
The testing of dynamic traffic assignment for Advanced Traffic Management System 
(ATMS) from the Federal Highway Administration dates back to 1993, when a simulation 
model was developed for the ATMS to address two main purposes of this system (49). First 
of all, it helps to determine to which route the driver should be directed based on the 
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network optimization objectives. The second purpose is to predict traffic performance 
changes on each link, varying with time resulting from routing guidance.  
Michael Florian et al. applied a simulation-based dynamic traffic assignment model on 
mid-size networks to evaluate the ITS system performance for both on-line evaluations and 
off-line applications (50). The testing results indicated that this model meshed well with 
mid-size networks, and the calculation time was deemed reasonable.  
Hani S. Mahmassani also utilized a dynamic network traffic assignment and simulation 
methodology to evaluate the application of ITS (51). This model was built to provide 
details regarding changing traffic patterns when specific routing advice was given to 
individual drivers while the network was under certain control strategies. It is applied to 
evaluate the ITS effectiveness under incident conditions.  
Some DTA models under emergent incidents were also proposed by Xun Ji and others, and 
are referred to as stochastic dynamic traffic assignment models (52). In the research, the 
optimization objective is the user-equilibrium and the influence of emergent incidents on 
the node and link capacity, as well as the probable variations in network structure. In 
addition, the efficiency of this model was also tested by numerical example, and the results 







Chapter 3: Methodology 
3.1 General Methodology 
For this research, DTALite was selected as a simulation tool. DTALite is an open-source 
dynamic traffic assignment model based on a mesoscopic simulation-assignment 
framework. Data preparation is more straightforward since the software only requires a 
minimal set of static traffic assignment data and some time-dependent OD demand pattern 
estimates. Even still, the traffic queuing model is not as basic as Newell’s simplified 
kinematic wave model, which is implemented with a point-queue based DNL model. 
Moreover, an agent-based DTA model is integrated with DTALite to execute the 
simulation. (53) 
3.2 Hard Shoulder Running & Reversible HOV Lane 
The problem is a binary issue since there are only two options: opening or closing the hard 
shoulder and HOV lanes. However, it should not be construed as a simple optimization 
challenge. If only capacity or maximizing the vehicle number passing through the 
bottleneck are considered, the answer is obtained easily, and proves that  the hard shoulder 
or HOV lanes should be open at all times, or at least during peak periods. Nonetheless, 
opening the hard shoulder indefinitely will cause some potential safety issues since 
vehicles have no place to park if they need to pull over. If the hard shoulder is only opened 
during Predefined peak hours in heavily-congested corridors, the traffic situation will 
worsen, even during off-peak periods, and Predefined operation hours will not assist in 
solving congestion problems during off-peak periods.  
23 
 
Previous research has revealed that the benefit the whole system can derive from opening 
the hard shoulder or reversing the HOV lane has a positive correlation with the average 
speed or density on the road. Thus, it is necessary to take the average density of the entire 
research corridor as an index to be the trigger for HSR or reversible HOV lanes. Another 
important index is the maximum density along all the sections of the research corridor due 
to the impact of the bottleneck on the entire corridor. The framework of this algorithm is 
illustrated in the figure below: 




In many cases, a detector is installed on the road to collect relevant information regarding 
traffic conditions, and through this traffic-monitoring data, the decision system will 
determine if the traffic demand is high enough or time arrives at the open point. 
Additionally, the decision system can be controlled by manual request. Once the decision 
system evaluates the traffic state and establishes the best course of action, it will open the 
Loop Detector 
If it is beyond the 
threshold 
If the same with 
previous interval 
Yes 
Open Hard Shoulder or 
Change HOV direction 
No 




hard shoulder or HOV lanes after safeguarding precautions are taken. Otherwise, the 
monitoring system will continue to detect current conditions the road. Considerations are 
similar when the decision system receives the information and subsequently closes the hard 
shoulder. When demand decreases or time reaches the close point, the hard shoulder will 
be shut down, and some additional time will be allotted to clear the vehicles driving on the 
hard shoulder or HOV Lanes. 
3.3 Dynamic Tolls 
As mentioned previously, there are several algorithms for dynamic tolls based on different 
optimization goals. Here, a feed-back algorithm is applied in this research. The function of 
calculating the toll rate is shown below (20): 
𝛽(𝑡 + 1) = 𝛽(𝑡) + 𝐾 ×max⁡((𝑜(𝑡 + 1) − 𝑜∗), 0) 
In which  𝛽(𝑡 + 1)⁡𝑎𝑛𝑑⁡𝛽(𝑡) stand for the toll rate in time interval t+1 and t, 𝑜(𝑡 + 1) is 
the occupancy of time interval t+1, and K is a predefined parameter while 𝑜∗ is also a 
predefined occupancy value.  
To apply this algorithm, several parameters must be determined in advance. In this 
research, a 5 minute time interval was used to consider real-world applications. The 
predefined occupancy threshold was typically set as equal to or less than the critical 
occupancy, which corresponded to the critical density. In most cases, the volume 
increased with the traffic density. As for the parameter K, previous research demonstrated 
that when K < 0.05, higher throughput can be gotten but longer queues is expected (20). 
Several different K values are taking into simulation and the result is shown in table 3.1. 
We could find the average density is not very sensitive to the K value, thus, we take K = 
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0.12 as the final parameter which provide the smallest average density. What’s more, to 
avoid incredibly high toll rate, the maximum toll rate for the whole corridor can never 
beyond 1 dollar in the morning and 2 dollars in the afternoon, since high toll rates will 
increase the density on general purpose lane. 







South HOV North HOV 
1 0.08 23.1 22 
2 0.10 23.2 22.2 
3 0.12 23 22  








South HOV North HOV 
1 1 23 26 
2 2 24 22 
3 4 25 28 
 
3.4 Variable Speed Limit 
In our case, the variable speed limit is set as the average speed of the observed speed of 
upstream and downstream link. (32) The speed decided through this algorithm is called as 





where 𝑆𝐿(𝑥𝑖,𝑡+1) stand for the speed at link i at time interval t+1, then 
𝑠(𝑥𝑖+1,𝑡)⁡and⁡𝑠(𝑥𝑖−1,𝑡) represent the observed speed of the upstream link i-1 and 
downstream link i+1 at time interval t. 
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The speed limit was also constrained by the maximum and minimum speed limits. The 
maximum was considered to ensure traffic safety, while the minimum limit was defined to 
ensure normal traffic flow on the highway. Therefore: 
𝑉𝑖,𝑚𝑖𝑛 ≤ 𝑉𝑖,𝑡+1 ≤ 𝑉𝑖,𝑚𝑎𝑥 
where 𝑉𝑖,𝑚𝑖𝑛  and 𝑉𝑖,𝑚𝑎𝑥  represents the minimum and maximum constraint of the speed 













Chapter 4:  Simulation Case 
4.1 Study Area 
In this research, I-270 was used as the research corridor for two significant reasons. Firstly, 
I-270 is one of the most advanced corridors in Maryland. Therefore, many new strategies, 
especially some advanced intelligent facilities are typically the first to be applied on I-270. 
Secondly, as a primary corridor in the D.C. area, thousands of vehicles travel daily in both 
directions on I-270 to commute into and out of Washington D.C., making I-270 one of the 
most congested corridors in the region. Lastly, I-270 contains both hard shoulder and HOV 
lanes, which provides basic conditions for applying all three strategies discussed in this 
thesis. 
The adjacent corridor and nearby route were also included in the research area to provide 
an effective overall traffic impact analysis. The research area is shown in Figure 4.1. The 
research section spans from the intersection of US-109 and the intersection where I-270 
connects to I-495.  
Figure 4.1: Map and Simulation Network of Research Area 
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4.2 Scenario Design 
4.2.1 Hard Shoulder Running 
Both AM peak (6 a.m. to 9:30 a.m.) and PM peak (4 p.m. to 7:30 p.m.) in 2015 were taken 
into consideration, and three different scenarios were tested for Hard shoulder running. 
These include base scenario, Predefined operation and dynamical operation. Further detail 
can be found in the following table: 




2015 AM Base Predefined Operation Scenario Dynamical Operation Scenario 
2015 PM Base Predefined Operation Scenario Dynamical Operation Scenario 
 
In predefined operation scenario, the hard shoulder only open from 8:00 am to 9:00 am 
during the A.M. peak period or from 6:00 pm to 7:00 pm during the P.M. peak period. 
And In the dynamical operation scenario, the hard shoulder is activated based on the 
traffic situation on general purpose lane.  
4.2.2 Reversible HOV Lanes 
The research area and period are the same as with hard shoulder running, and the scenario 
is shown in Table 4.2: 




2015 AM Base Predefined Operation Scenario Dynamical Operation Scenario 





The predefined operation hour for the reversible HOV lanes is as the same as that for 
Hard shoulder running, which is from 8:00 a.m. to 9:00 a.m. in the morning and from 
6:00 p.m. to 7:00 p.m. in the afternoon.  
4.2.3 Dynamic Tolls 
The research area and period are the same as with hard shoulder running, and the scenario 
is expressed below: 
Table 4.3: Simulation scenarios of dynamic tolls 
Strategies Scenarios 
Dynamic Tolls 2015 AM Base Dynamic Tolls 
2015 PM Base Dynamic Tolls 
 
The strategy of dynamic tolls operates from 6:00 a.m. to 9:00a.m in the morning or from 
4:00 p.m. to 7:00 p.m. in the afternoon. 
4.2.4 Variable Speed Limit 
The scenario of variable speed limit is listed in Table 4.4: 




2015 AM Base Variable Speed Limit 
2015 PM Base Variable Speed Limit 
 
The operation hour of variable speed limit is as the same as dynamic tolls, which is from 








Chapter 5: Results Analysis 
5.1 Hard Shoulder Running 
5.1.1 Average Speed and Average Density  
The average speed and average density of the southbound and northbound general 
purpose lane of I-270 is shown below:  
Table 5.1: Average speed of congested general purpose lanes for different scenarios (mile/hr) 
Scenario Direction Base Predefined 
Operation 
Dynamical Operation 
2015-AM Southbound 43 51 55 
2015-PM Northbound 36 40 55 
 
Table 5.2: Average density of congested general purpose lanes for different scenarios 
(veh/mile/lane) 
Scenario Direction Base Predefined 
Operation 
Dynamical Operation 
2015-AM Southbound 31 24 22 
2015-PM Northbound 30 21 20 
 
Through the average speed and average density of both 2015 AM and PM, when hard 
shoulder running was applied, regardless of the predefined operation hour or dynamic 
controls, the average speed increased by approximately 25 percent and the density 
decreased as well.  
During the A.M. peak period, when the hard shoulder is dynamically activated, it will 
open at the 6:25 am and close at 9:20 when the traffic becomes better. The operation hour 
for the P.M. peak period will be changed from 4:10 pm to 7:25 pm. Both of the operation 
hour of A.M. peak and P.M. peak becomes longer and covers the original predefined 
operation hour.  
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5.1.2 Speed on I-270 
  The following figure 5.1 and figure 5.2 shows the average speed along the corridor for all 
three a.m. scenarios. The horizontal axis indicates the link ID, in which a smaller ID 
number represents the upstream. The vertical axis shows the average speed (unit: 
mile/hour).  
Figure 5.1：Speed on I-270 southbound general purpose lane during A.M. peak period 
 
From the above figure, hard shoulder running will not cause any new bottleneck on I-270, 
and since dynamical operation scenario will open the hard shoulder for longer time, the 
speed of the majority links has highest speed among all the three scenarios. Predefined 
operation scenario also makes the contribution of increase the speed, although the result 
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Figure 5.2：Speed on I-270 northbound general purpose lane during P.M. peak period 
 
Things in P.M. peak period might be a little different compared to what in A.M. peak 
period. The traffic performance of P.M. peak period is highly decided by the bottleneck 
at the boundary, thus opening the hard shoulder doesn’t cause too much different at the 
upstream link since the traffic is not heavy. Checking the bottleneck at the boundary, with 
Hard shoulder running, the location where vehicle started to get congested moves to 
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5.1.3 Travel Time 
The travel times during a.m. and p.m. peak periods are shown below: 
Figure 5.3：Travel time on I-270 southbound general purpose lane during A.M. peak  
 









































Base Predefined Operation Dynamical Operation
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The total travel time of I-270 increases with time changes because of the traffic 
congestion getting worse in the base scenario. For both A.M. and P.M. peak period, when 
hard shoulder open at the predefined hour, the travel time starts to reduce at the starting 
time of the operation period. However, if the hard shoulder is activated by the traffic 
situation, hard shoulder get opened once the traffic is becoming worse, and the travel 
time becomes more stable when dynamically controlled hard shoulder running is applied.  
5.2 Reversible HOV Lanes  
Unlike Hard shoulder running, there are often physical obstacles between HOV lanes and 
general purpose lanes to divide HOV and SOV. Therefore, if HOV lanes are open to all 
vehicles, it might present some merging issues when vehicles move between the two types 
of lanes. This issue will be further discussed in the following section. 
5.2.1 Average Speed and Average Density 
The average speed on I-270 is shown in the following table: 
Table 5.3: Average speed in congested general purpose lanes and HOV lanes for different 
scenarios (mile/hr) 
Scenario Direction Base Predefined 
Operation 
Dynamical Operation 
2015-AM Southbound 43 50 53 
South HOV 44 54 56 
2015-PM Northbound 36 46 52 
North HOV 47 57 58 
Table 5.4: Average density of congested general purpose lanes for different scenarios 
(veh/mile/lane) 
Scenario Direction Base Predefined 
Operation 
Dynamical Operation 
2015-AM Southbound 31 30 26 
South HOV 30 20 14 
2015-PM Northbound 30 22 20 




Similar with hard shoulder running, when reversible HOV Lanes is applied, no matter it’s 
dynamically operated or operated during the predefined hour, it helps a lot to optimize 
the traffic performance in terms of average speed and average density on both general 
purpose lane and the HOV lanes. Moreover, it’s acceptable that the average speed of 
Predefined Operation Scenario is smaller than the dynamical one, since in the dynamic 
operation scenario the HOV lanes is open earlier than the that when it is operated only 
during the predefined operation period. The same situation also happened for average 
density. The predefined operation hour is from 8:00 a.m. to 9:00 a.m. during the morning 
and from 6:00 p.m. to 7:00 p.m. during the afternoon. And when it is dynamically 
controlled, the reversible HOV lanes is activated at 6:20 a.m. or 4:00 p.m. Taking the 
improvement of predefined operation scenario and dynamical operation scenario into 
comparison, the improvement on general purpose lane of applying dynamical operation 
strategy is larger than that on the HOV lanes.  
5.2.2 Speed Along with I-270 general purpose lane  
The following figures show the speed diversity along the corridor at a specific moment 









Figure 5.5：Speed on I-270 southbound during A.M. peak period 
 
 
Figure 5.6：Speed on I-270 northbound during P.M. peak period 
 
For a.m. peak period, the dynamical operation scenario provides the best performance on 
vehicles’ speed. When the HOV lanes only be reversed during the predefined operation 
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37 
 
the dynamical operation scenario, the speed of the majority links is near the free-flow 
speed and there is no significant bottleneck.  
When it comes to the p.m. peak, dynamic operation scenario makes large contribution to 
reduce the congestion at the end point of the general purpose lane and decreases the 
overall speed of I-270 general purpose lane.  
5.2.3 Travel Time 
Figures 5.9 and 5.10 display the total travel time of the research section.  The horizontal 
axis represents the moments in time, which are from 6 a.m. to 9:30 a.m. in the morning and 
4 p.m. to 7:30 p.m. in the evening.  
Regardless of whether it was a.m. or p.m. peak period, the total travel time in the base 
scenario increased as time elapsed, indicating that the congestion became increasingly 
serious. After applying reversible HOV lanes, for A.M. peak period, the shortest travel 
time can be gotten in the dynamic operation scenario. When it comes to the predefined 
operation scenario, the travel time also become shorter and it reduces a little at 7:00 am 
when the HOV lane is reversed to the congested direction. The change for P.M. peak 
period is more significant. When the HOV lanes only open to the congested direction 
during the peak hour, the travel time decrease a little at the starting point and increase at 
the ending time as the HOV lane is closed. However, when the reversible HOV lanes is 
activated by the dynamic traffic situation which starts from 4:10 p.m., the travel time 





Figure 5.7：Travel time on I-270 southbound during A.M. peak period 
 
Figure 5.8：Travel time on I-270 northbound during A.M. peak period  
 
5.3 Dynamic Tolls 
Unlike the scenario settings for hard shoulder running or reversible HOV Lanes, the 
scenario for dynamic tolls, apart from the base one, was determined by identifying whether 
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5.3.1 Average Density 
The average density on I-270 during both a.m. and p.m. peak periods is shown in table 
5.3: 
Table 5.5: Average density of congested general purpose lanes and HOV lanes for different 
scenarios (veh/mile/lane) 
Scenario Direction Base Dynamic Toll 
2015-AM Southbound 31 26 
South HOV 30 23 
2015-PM Northbound 30 27 
North HOV 26 22 
 
From the average density, it is easy to find the average density decreases on the general 
purpose lane, as well as the toll lane at the mean time. Once the traffic on toll lane is 
getting worse, toll rate rises with the worse traffic situation and helps to relieve the 
congestion. 
5.3.2 Relationship between Density and Tolls 
The following figures show the density and toll rate of I-270 toll lane for both A.M. peak 









Figure 5.9: Density and toll rate on I-270 southbound toll lane in A.M. peak  
 
During the first several hours of the a.m. period, since the average density was not at a high 
level, the toll rate on HOV lanes was maintained at a base level. Then the toll rate 
experienced an increase when the density increased and the density in nest time interval 
decreased. That’s why there was some change for both density and toll rate during the last 













































Density of south toll lane
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The density and toll rate changing with time during the p.m. period is illustrated in Figure 
5.14: 
Figure 5.10: Density and toll rate on I-270 northbound toll lane in P.M. peak 
 
Similar patterns of change were discovered during the p.m. peak period. The time intervals 
of high density and high toll rate are overlapped with each other, which is similar with A.M. 












































5.4 Variable Speed Limit 
5.4.1 Average Speed and Average Density 
Table 5.6: Average speed of congested general purpose lanes for different scenarios (mile/hr) 
Scenario Direction Base Variable Speed Limit 
2015-AM Southbound 43 51 
2015-PM Northbound 36 51 
 
Table 5.7: Average density of congested general purpose lanes for different scenarios 
(veh/mile/lane) 
Scenario Direction Base Variable Speed Limit 
2015-AM Southbound 31 28 
2015-PM Northbound 30 26 
 
In this section, it was found that an increase in average speed in the general purpose lane 
after the application of variable speed limit reflected a positive influence on congestion 
mitigation. However, higher improvements were observed during the p.m. peak period, 
from 36 miles per hour to 51 miles per hour, when the two increasing ratios of a.m. and 
p.m. peak periods were compared. More details is discussed in the following section. 
5.4.2 Speed on I-270 
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Figure 5.12：Speed along with I-270 northbound general purpose lane at P.M. peak  
 
Through checking the speed of every link, it’s easy to find that first, variable speed limit 
doesn’t cause any new bottleneck and helps to reduce the variance of all links’ speed and 
decrease the rear-collision risk. 
For the a.m. peak period, the speed of every link along I-270 was more stable compared 
to the base scenario. It was determined that for the majority of bottlenecks, the speed of 
that link was larger when variable speed limit was applied, which proved the effect of 
variable speed limit on congestion mitigation. . However, variable speed limit would 
influence the speed of the link which is at the upstream of the bottleneck. Taking link No. 
11, link No. 12 and link No. 13 as an example, smaller link number indicates the link 
which is at the upstream. Since there was a bottleneck at link No. 12 and link No. 13, 
speed increases from less 30 miles/hr to more than 40 miles/hr, resulting to the speed 
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As discussed previously, in the p.m. peak situation, northbound traffic significantly 
decreased at the huge bottleneck at the northbound section of the simulation area, which 
increased the length of the queue and caused additional problems. With variable speed 
limit, the situation at the upstream didn’t change too much, but the situation at the north 
boundary improved a lot. Besides, similar with the situation in A.M. peak period, the link 
at the upstream of the bottleneck was influenced and reduced due to the speed limit 
reduction.  
5.4.3 Travel Time 
Figure 5.13：Travel time of I-270 southbound general purpose lane at A.M. peak  
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For both a.m. and p.m. peak periods, it was established that variable speed limit makes 
contribution to reduce the total travel time. And during the most congested hour, which is 
both the third hour of the simulation period for A.M. and P.M. peak period, the travel 
time increases a little because of the traffic situation, as the same as that in base scenario.  
5.5 Results Comparison 
5.5.1 Performance of Hard Shoulder Running and Reversible HOV Lanes 
Hard shoulder running and reversible HOV lanes share some commonalities. They both 
increase the temporal capacity of the corridor, while their impact on the corridor is different. 
Taking into account the average speed, it was found to increase, while applying hard 
shoulder running was larger than when reversible HOV lanes were applied. The cause of 
this difference is that if reversible HOV lanes were open to all vehicles for not only for 
long distance travel, new congestion occurred on the connecting links between the general 
purpose lane and HOV lanes. Thus, when choosing between these lane strategies, it is 
important to note that hard shoulder running often results in much more congestion. 
5.5.2 Performance of Dynamically Control and Predefined Operation Hour 
The predefined operation hour is decided based on the traffic situation, which is the most 
congested hour during the whole simulation period, and in terms of the travel time and 
average speed, it do help to relieve the traffic pressure. However, when the should lane or 
HOV lane is activated by the traffic situation or, in other words, is dynamically 
controlled, the travel time is much more stable and kept at a lower level to ensure that 
vehicles can always drive smoothly. 
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Thus dynamically controlled strategy is much more recommended compared with the 
predefined operation strategy. It will prevent the congestion from getting worse once any 
potentiality is detected.  
5.5.3 Performance of Dynamic Tolls 
Analysis of the density on I-270 revealed that dynamic tolls assisted in decreasing the 
average density. When the traffic situation is getting worse, higher toll rate is applied and 
helps to relieve the traffic pressure, which proves the function of dynamic tolls. However, 
in terms of average density, the impact of dynamic tolls is less significant compared to hard 
shoulder running or reversible HOV lanes, because dynamic tolls do not increase the lane 
capacity but influence the route choice.  
5.5.4 Performance of Variable Speed Limit 
  Variable speed limit decreases the speed limit at a location which is near the bottleneck. 
It helps to increase the average speed and reduce the total travel time, although it would 
cause some negative influence on the upstream link that is adjacent to the congested area. 
Compared with the average speed of dynamically controlled hard shoulder running or 
reversible HOV lanes, its performance on average speed is not as good as the other 
mentioned strategies. In other hand, variable speed limit helps to decrease the variance of 






Chapter 6: Conclusion and Future Research Direction 
All of the strategies mentioned can assist in relieving congestion, but their efficiency has a 
close relationship with the level of travel demands and geometric characteristics. Of all the 
strategies, hard shoulder running and reversible HOV lanes have the highest average speed 
and tend to yield better performance. 
Hard shoulder running and reversible HOV lanes both directly increase lane capacity and 
positively impact traffic, with the best improvement among all the strategies that are 
discussed in this thesis. Compared to the preset operation hour, dynamically controlled 
strategy would help these two strategies work more efficient. Once the traffic goes to get 
congested, the hard shoulder lane or HOV lane prevents traffic from getting worse and 
smooth the traffic. 
Dynamic tolls and variable speed limit are less useful than the other two strategies in terms 
of average speed, average density and total travel time. However they help to provide a 
more stable traffic flow. Although variable speed limit’s effect on speed is not as significant 
as hard shoulder running or reversible HOV lanes, it contributes greatly to decrease 
variations in speed, thus reducing potential safety risks. However, it also limits free-flow 
speed, resulting in several new bottlenecks, such as the one that occurred during the p.m. 
peak period.  
In summary, all strategies can work effectively to mitigate congestion, and each have some 
inherent disadvantages. Before reaching a final decision, officials should consider regional 
traffic demands and specific geographic characteristics. 
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For future research, coordination with ramp metering should be accounted for in order to 
improve the contribution of the above-mentioned strategies. The results analysis showed 
that after applying certain strategies, there were selected congestion issues at the link 
connected to the on-ramp. Additionally, coordination between these strategies should be 
simulated. Another important research consideration is to integrate the current agent-based 
DTA model with behavior models to analyze changes in driver behavior and peak 
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